A new class of organic solvent nanofiltration (OSN) membranes has been fabricated by assembling nano-sized polymer particles with methacrylate moieties onto the surface of crosslinked polyimide ultrafiltration support membranes. Multiple layers of these nanoparticles create a separation film functionally similar to the top layer of an asymmetric OSN membrane.
It is believed that the separation performance of these PI membranes is determined by the dense top layer formed during phase inversion. The separation performance (flux and rejection) can be varied by changing the solvent/co-solvent ratio and polymer weight % in the dope solution 8 ; however achieving a wide range of MWCO and perfect separation of molecules in a narrower range using this technology is still difficult and limits the use of OSN membranes in many important applications. Accurate control over the membrane structure at molecular level has so far proved challenging using phase inversion. Membranes prepared by phase inversion typically have wide distribution of pore sizes in the separation layer, and control over the number of pores is still difficult.
To overcome this problem there is a need for development of new methods for fabrication of OSN membranes with control of structure at a molecular level. To the best of our knowledge only a few studies are available on membrane fabrication using controlled building blocks to form permeation passages in a manipulated way [9] [10] [11] [12] [13] [14] . In these studies colloidal latex polymer particles were deposited on micro porous polymer supports to get membranes in ultra and microfiltration ranges for aqueous applications. Such colloids can be packed in regular arrays in which the bulk
The PNIPAM-based microgel particles were synthesized by emulsion copolymerization of NIPAM and HEMA using BIS as the crosslinker. Polymerization took place in a 500 mL flask containing 200 mL Milli-Q water. Next, SDS (150 mg, 0.52 mmol) was added to the flask under stirring followed by the addition of BIS (339 mg, 2.2 mmol), NIPAM (8 g, 0.07 mol) and HEMA (1.5g, 11.5 mmol). The flask was sealed with a rubber septum and the reaction was purged with N 2 for 30 minutes, before the addition of the initiator, AIBN (80 mg, 0.487 mmol, and 0.7 wt% with respect to the monomers). Then the flask was placed in an oil bath at 70 o C under stirring and the reaction was allowed to proceed for 4 hours before exposing it to air to quench the polymerization. The nanoparticles were purified using an ultrafiltration unit (IVSS Vivacell) equipped with a 10,000 MWCO cellulose membrane to remove the stabilizer and any unreacted starting materials. The purification process was repeated 2-3 times using fresh water before collecting the particles from the ultrafiltration unit as a dense paste (ca. 50 wt% polymer content).
Particle acrylation
The P(NIPAM-HEMA) nanoparticles were modified using acryloyl chloride to introduce polymerizable vinyl moieties on their surfaces. 3 g of nanoparticles were diluted with THF (ca.
10 mL) and added to a dialysis membrane for solvent exchange against excess THF (700 mL) for 2 days during which time the solvent was regularly replaced with fresh THF. Next, the nanoparticles (3 g in 30 mL THF) were transferred to a 100 mL round-bottom flask, and triethylamine (0.043 moles, ca. 1.2 eq. with respect to the HEMA moles) was added. The flask was sealed with a rubber septum and placed in a thermostatted bath at 0 o C under magnetic stirring. Acryloyl chloride (390mg, 4.3mmol, 1 eq. with respect to the HEMA moles) was added dropwise using a glass needle. After 2 hours, the reaction was stopped and the mixture was dialyzed against water (1 L) for 2 days to remove the triethylammonium chloride salt formed and any unreacted starting materials. The purified nanoparticle suspension was stored in water at 4 o C for further use.
Ultrafiltration membrane preparation
Dope solution was prepared by adding 22 wt% PI to DMF at room temperature. Following polymer dissolution the dope solution was left for 3 hours to remove air bubbles. The dope solution was then used to cast 250 µm thick viscous films on a polyester (PET) non-woven backing material (Kavon filters, USA), using an adjustable casting knife (Elcometer 3700) on a bench casting machine (Braive Instruments). An evaporation period of 20 seconds was allowed before immersion in a water coagulation bath at room temperature. Residual water was removed from the membrane by placing it in IPA for one hour. The membrane was transferred from IPA to the crosslinking solution (HDA in IPA). Following this, the membrane was rinsed with IPA to remove residual HDA. The membrane was finally subjected to the conditioning step in which it was kept for four hours in a conditioning solution comprising polyethylene glycol (PEG) 400/IPA (60/40 wt.%, respectively). The membrane was then air dried to remove solvent.
Nanoparticles coating
The nanoparticles were suspended in methanol (5 wt %). 1 wt% of UV initiator (55, 66-Tetrahydroxy-3, 3, 3', 3'-tetramethyl-1, 1'-spirobisindane) was also added to the nanoparticles suspension. The ultrafiltration membrane described above (sec 2.2.3) was coated with nanoparticles by spin coating. For each coat 0.5 ml of nanoparticles suspension was used and spread over the ultrafiltration membrane at 500 revolutions per minute (rpm) for the first 10 seconds and 2000 rpm for a further 50 seconds and then dried for 30 seconds before the next coat.
Crosslinking of nanoparticles
After the coating the membrane was irradiated under UV light (Black ray B-100 high intensity UV lamp, power 100 watts and wavelength 365 nm) for 3 hours to crosslink the nanoparticles by radical polymerization (conversion of methylmethacrylate to polymethylmethacrylate). The membrane was then used without any further treatment. A summary of the membranes prepared in this way is presented in Table 1 . respectively. Samples were prepared by diluting an aliquot of the stock nanoparticle suspension in THF (0.01 wt %). A drop of the sample (20 μL) was deposited onto a glass slide and left to dry overnight. The sample was sputter-coated with Au (10 nm thickness) before imaging.
Table1. Membrane preparation conditions

Dynamic light scattering (DLS)
Samples were prepared by diluting an aliquot of the stock nanoparticle suspension in water (0.1 wt%, 5 mL). Before measurement, the samples were filtered using a 5 μm pore size syringe filter and were transferred to a glass cuvette. A 3D LS Spectrometer from LS Instruments with a HeNe laser operating at λ=632.8 nm was used and all measurements were performed at 20 o C. The samples were measured for 600 seconds at each scattering angle.
A single stretched exponential decay (KWW type) was used to fit the intensity autocorrelation 
Where η is the viscosity of the solvent, k B is the Boltzmann constant and T is the temperature of the sample.
Infrared spectroscopy (ATR-FTIR)
ATR-FTIR spectra of dried samples were recorded on a Thermo-Electron Nicolet 6700 FTIR optical spectrometer at a resolution of 2 cm -1 .
Membrane characterization
Scanning electron microscopy (SEM)
Images of cross-sectional areas of the membranes were obtained using SEM (Leo 1525 field emission scanning electron microscope, FESEM). After removing the backing material, membranes were snapped in liquid nitrogen, mounted onto SEM stubs, and coated with chromium using a chromium sputter coater (Emitech K575X). Applied SEM conditions were: a 6.5mm working distance and an in lens detector with an excitation voltage of 5 kV.
Nanofiltration experiments
All nanofiltration experiments were carried out in a continuous cross-flow system, at 30×10 
The corresponding MWCO curves were obtained from a plot of the rejection of styrene oligomers versus their molecular weight.
Calculation of nanoparticle layer thickness
Physical thickness of membranes before and after coating with nanoparticles was measured with a micrometer (Mitutoyo Japan, range 0.0001µm). The number of nanoparticle layers was calculated as follows:
Considering the nanoparticle as a sphere, the volume of one nanoparticle (V n ) was calculated as:
Cross sectional area of one nanoparticle (A n ) was calculated as 2
Considering the nanoparticles as closely packed spheres the total number of nanoparticles in one layer (N n ) was calculated from equation 8 based on the assumption that if a perimeter of a single layer of nanoparticles is projected onto a two dimensional image, the result is a collection of circles on a surface and the area not covered by the circles is 10% of the total area covered 24 :
Where A m is surface area of membrane.
The total volume (V) of nanoparticles coated on the membrane was calculated as (9) Where w is the weight increase in the membrane after coating with nanoparticles and ρ n is the density of nanoparticles. The total number of nanoparticles (N total ) coated can be calculated as: (10) Finally the number of nanoparticles layers (L n ) was calculated as:
The nanoparticle layer thickness (T) can be calculated as (packing density of 0.7408 is known to be the densest possible packing of equal spheres 25 ).
(12)
Results and discussion
Nanoparticle characterization
The P(NIPAM-HEMA) microgel nanoparticles were synthesized by emulsion copolymerization in aqueous media. Owing to its sharp lower critical solution temperature at ca. precursors. Therefore, a core-shell topology was obtained in a one-pot type reaction ( Figure 1A ).
The size of the microgels was controlled by adjusting the overall monomer concentration, the NIPAM/HEMA mole ratio and the surfactant concentration in the polymerization mixture. FTIR spectroscopy was used to verify the successful acrylation of the microgel particles by the presence of the vinyl bond vibration band. Figure 5B shows the FTIR spectrum of the acrylated particles, where the characteristic peak of the vinyl bond [26] [27] [28] at 800 cm -1 , which is absent in the spectrum of the precursor particles ( Figure 5A ), can be clearly seen. Besides, the characteristic ester and amide bands at 1500-1800 cm -1 , present in the spectra of the particles both before and after acrylation, verify the successful incorporation of the co-monomers and the amido based crosslinker in the particles. Although the FTIR spectra confirm the successful surface modification of the particles, they do not allow quantification of the overall yield of the acrylation. It is expected though that the esterification reaction used should exceed 80% yield. Based on the results shown in Table 2 it seems that in the first coat not all nanoparticles were deposited on the surface. Some nanoparticles penetrated into the porous support (as confirmed by SEM images). The theoretically calculated thickness was based on the weight increase of the membrane after coating and did not take into account the particles in the porous support, which contributes to the calculated thickness being higher than the measured values. In addition particle deformation could be also responsible for this difference as will be discussed in the following section. As could be expected the thickness also increased with the increase of the size of nanoparticle. The nanoparticle layer thickness decreased for the same size of nanoparticle with same number of coats but with lower concentration. (Table 2 , M9-M11) By lowering the concentration, the total number of nanoparticles deposited was smaller, making the nanoparticle layer thinner. It could be expected that a lower number of nanoparticles will result in a packing which deviates considerably from the ideal case of closely packed spheres, and consequently a wider pore size distribution due to defects in the packing. This hypothesis was confirmed by membrane separation performance. According to the size of nanoparticles, membranes coated with them were not expected to separate molecules in the nanofiltration range (9-23nm estimated pore size, from Eq. 17, section 3.2.4). However, the rejection of styrene oligomers indicated that separation in the nanofiltration range did in fact occur. This phenomenon was investigated in the light of nanoparticle layer formation. Formation of the nanoparticle film arises from the compaction, deformation, cohesion and polymer chain interdiffusion of individual particles. The particles are held apart by electrostatic or steric forces resulting from the polymer chain end groups. It is postulated that the particle layer is formed in three steps. The first step is evaporation of solvent and particle concentration and ordering. The second step is particle deformation, and the third step is polymer chain diffusion across the polymer boundaries [29] [30] [31] .
Several factors affect the layer formation in this three stage process. Important factors are particle size, layer formation temperature, solvent concentration, time and drying environment 29 .
The most important factor among these is the particle size. If the size of the particle is small then particles will pack and order quickly in more compact form in the first stage, the degree of deformation will be small in the next stage, and a more regular structure will be obtained. With larger particles, the interstitial space will be bigger in the first stage, with less organization of the particles, so deformation will be high in the second stage 32 . Our particles were 120 and 300nm in size. Both sizes of nanoparticles could deform, however according to the above mechanism a higher degree of deformation is expected with the 300 nm nanoparticles. Although the SEM pictures do not allow easy detection, some indication of particle deformation can be observed in
Figs. 6 and 7 if compared to their original shape (see Fig. 4 ). In addition, the measured particle layer thicknesses are considerably smaller than those theoretically calculated based on closely packed uniform spheres ones ( Table 2 ). We speculate that the particle deformation could be responsible for membrane separation performance in the nanofiltration range. Furthermore P(NIPAM) is well known for its interchangeable properties and ability to "switch" from a hydrophilic to hydrophobic structure (from swollen to non-swollen state) and vice versa.
Typically this behavior has been observed in response to temperature stimuli (when lower critical temperature has been passed) in aqueous solutions 33 , however it could be possible that similar phenomena may occur in response to organic solvents. We did not find sufficient information in the literature on the material response to organic solvents and under pressure, and we are not sure whether the transport through the nanoparticles layer occurs solely through interstitial spaces between the particles or whether some transport is through the nanoparticles themselves. Our hypothesis is that the polystyrenes transport occurs through the interstitial spaces while the solvent permeates via both interstitial spaces (convective flow) and also through the nanaparticles themselves (diffusive flow). This hypothesis is supported by the findings of Cussler who discovered that when the P(NIPAM) gel swells, large solutes such as macromolecules will be excluded from entering the gel pores by steric hindrance and small solutes will freely penetrate the network 33 .
The effect of the coating thickness of nanoparticles is shown in Figure 8 . As the thickness of the top layer increases, so does the rejection because the pore size distribution becomes narrower as there are less coating defects and the resistance to flow increases. Increasing size of the nanoparticles results in a more open top layer structure and higher MWCO. This effect can be observed in Figure 9 , which compares separation properties (MWCO) of membranes formed from nanoparticles with different diameters, and comparable nanoparticle layer thickness. As the size of nanoparticles is increased, the interstitial space between the particles increases and hence the membrane becomes looser. Figure 10 Table 2 ), because the resistance of the nanoparticle layer increases with thickness. Figure 11 shows the performance of multi-particle layers of different sized particles.
Membranes were developed by coating first with particles of larger diameter, and then with smaller particles to decrease the mean pore size. As can be seen in Table 3 the membrane prepared in this way is tighter (MWCO 220), most likely due to the tighter packing of nanoparticles and patching of layer defects. (b) Figure 12 shows the effect of the concentration of nanoparticles on the membrane performance.
It is clear from this figure that by decreasing the concentration of nanoparticles a more open membrane is obtained. One reason is the reduced thickness of the nanoparticle coat (Table 2) , and most probably the presence of defects in the membranes with lower concentration. there is no significant difference between the commercial membranes and the nanoparticle membrane when they are within the same MWCO range. The flow rate through a packed bed of closely packed spheres is given by the following equation (13) Where η is the fluid viscosity, A f is the area of the packed bed of length L, ρ n is the density of nanoparticles, D n is the diameter of nanoparticles, ΔP is the pressure difference across the membrane, M is the mass of latex particle per unit area and ε (~0.4) is the porosity of nanoparticle layer. Flux can be calculated by (14) Carman-Kozeny correlates measured permeabilities with the internal surface area and solid volume fraction of porous medium and works in the laminar region where viscous forces are dominant [36] [37] [38] [39] . This model explains the flow directly proportional to pressure drop and inversely proportional to fluid viscosity 40 . According to these equations the resistance to flow of a nanoparticle layer can be controlled by the particle size and the thickness of the nanoparticle layer -a trend which is in agreement with our experimental results.
Another way to describe flow through a packed bed is to use equation established by Leva 35 Results in Table 4 and Table 5 
The rejection performance suggests pore size to be even smaller, possibly due to particle deformation as explained in section 3.2.3. Apparently the flow properties change with the size of pores.
The second major factor is the response of nanoparticle layers in organic solvents. The flow properties would also be affected by the degree of swelling of polymeric nanoparticles in different solvents and by the nanoparticle-solvent interaction. Thus the flow depends upon the packing material properties.
Both models failed to describe the flow behavior properly, most likely due to the fact that they are developed for rigid non-swelling particles and not in the nanosize range. . This suggests that none of the above solvents would be a very "good" solvent for P(NIPAM-HEMA), however acetone would be a reasonable one. Thus the nanoparticles will swell more in acetone, allowing higher solvent penetration through the nanoparticle material. On the other hand increasing the degree of swelling of the nanoparticles will result in smaller interstitial spaces (smaller pores) thus decreasing the MWCO of membranes. Opposite effects will occur with toluene which is a "poor" solvent for P(NIPAM-HEMA) resulting in lower degree of swelling of the nanoparticles, reduced solvent penetration through particle material, larger interstitial spaces and higher MWCO. Furthermore the molar volume of toluene (106 cm 3 .mol -1 ) is one and half times higher than acetone (73.3 cm 3 .mol -1 ) and could also contribute to its lower permeation rate. Moreover, size and shape (hydrodynamic radius) of oligostyrenes in different solvents could also result in different MWCOs 44 . Some studies suggest that the surface tension of solvent and hydrophilicity/hydrophobicity of particle surface are also major factors determining the flux and rejection of membranes 42 . In addition the cross-linking of the nanoparticles will also affect the membrane performance. In short, there are many factors which should be considered when describing the transport through OSN membranes and despite the extensive research in this area membrane transport is still not well understood.
Detailed mathematical description and understanding of the transport properties of our membranes prepared from nanoparticles is beyond the scopes of this paper. Our intention is to demonstrate that this method for membrane preparation is a viable alternative to the currently used phase inversion technique, which allows for better control over the membrane structure and separation properties. Further extensive investigations using a variety of nanoparticles might lead to improved control over the membrane structure and performance.
Conclusion
A new class of OSN membranes has been created by coating an ultrafiltration support with nanoparticles of different diameters, and then subsequently crosslinking the particles to make the membrane stable during filtration with organic solvents. Using this technique membranes can be produced with a wide range of MWCO, and separation performance could be tuned by simply varying the size of the nanoparticles and thickness of the nanoparticles layer. Furthermore, a multilayered combination of nanoparticles of different sizes broadens even further the potential of this technique which we believe offers an exciting new opportunity for producing membranes with finely tunable separation properties. 
